ABSTRACT: A new simple and practical protocol for scalable synthesis of a novel library of propargylated and PEGylated α-hydroxy acids toward the preparation of "clickable" polylactides was described. The overall synthesis starting from readily available propargyl alcohol, bromoacetaldehyde diethyl acetal, and OEGs or PEGs was developed as a convenient procedure with low cost and no need of column chromatographic purification. The terminal alkyne functionality survives from hydrolysis of the corresponding easily accessible cyanohydrin derivatives in methanolic sulfuric acid. Facile desymmetrization, monofunctionalization, and efficient chainelongation coupling of OEGs further enable the incorporation of OEGs to α-hydroxy acids in a simple and efficient manner. At the end, synthesis of allyloxy lactic acid indicates that an alkene group is also compatible with the developed method.
■ INTRODUCTION
Polylactide (PLA), prepared from α-hydroxy acids, is considered to be one of the most promising polymer-based biomaterials because of its demonstrated excellent biocompatibility and biodegradability. 1 Applications of PLA in the biomedical field include drug delivery vehicles, 2,3 surgical sutures, 4 tissue engineering scaffolds, 5 and implants for bone fixation. 6 While PLA has drawn increasing interests as a great biodegradable material, it is limited in scope due to its highly hydrophobic nature. The lack of functionality in backbones and side chains of PLA makes further tailoring of its physical and chemical properties very difficult. Therefore, to further modulate physical and chemical properties of PLA, such as hydrophilicity, via introducing a wide variety of functional groups to PLA is highly desirable.
Numerous α,ω-chain-end functionalized PLAs have been prepared via ring-opening polymerization (ROP) of lactides by judicious choice of initiating alcohols and further postpolymerization modification of ω-chain-end hydroxyl groups. 7, 8 Pendent functionalities along PLA backbones for functionalization of polymers provide great opportunities to tailor their physical and chemical properties. 9 PLAs with appending terminal alkyne, 10−13 azido, 13 allyl, 14 oligo(ethylene glycol) (OEG)/poly(ethylene glycol) (PEG), 15−17 hydroxyl, 18 and carboxyl 19 functionalities have been prepared and functionalized by polymerization of functional lactide monomers and postpolymerization modification. Among various appending functionalities, terminal alkyne-functionalized PLA polymers have drawn increasing interests in scientific fields, 10−12 since it allows facilely placing a broad range of pendant functional molecules onto polymers via convenient "click" reaction without backbone degradation. 10 "Click" chemistry utilizing Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition between azide and terminal alkyne is a highly reliable synthetic strategy because of its high selectivity, ease to perform, and broad functional group and reaction condition tolerance. 20, 21 Several novel biodegradable PLA materials have been prepared via "click" functionalization, such as hydrophilic PLA material, 12 temperature responsive biodegradable PLA, 10 a novel grafted PLA-drug conjugate, 11 and novel redox-responsive PLA micelles. 22 Besides its broad applications via alkyne-azide "click" reaction, terminal alkyne-functionalized PLA has recently found promising applications in radical-mediated thiol-yne "click" reaction. 23 Thiol-yne "click" reaction incorporates two thiol units into one alkyne unit along the PLA backbone in one step at room temperature with high efficiency, selectivity and no need of potentially toxic catalysts. These studies clearly indicate that terminal alkyne-functionalized PLAs are of great importance in formation of novel biomaterials with unique physical or chemical properties via alkyne-azide or thiolyne "click" reaction.
With continuous interest in the development of novel clickable PLA biomaterials and exploration of their promising biomedical applications, we designed a library of propargylated and PEGylated α-hydroxy acids (1, poly(ethylene glycol) monopropargyl ether lactic acids, Figure 1 ), essential precursors toward "clickable" PLAs. PEG or OEG is a biologically inert polymer that has been extensively used as spacers and linkers for targeted drug delivery systems. 24 PEGylation plays an important role in the delivery of certain therapeutic agents and confers many beneficial properties, such as increased solubility, reduced interaction with serum and proteins, and thus significantly prolonged circulation times in the bloodstream. 25 PEGylation also reduces or even eliminates antigenicity and immunogenicity. 26 The biological effect of PEGylation has also been reported to be associated with molecular weights of PEG chains. 27 We envision that PEGylation of terminal alkynefunctionalized α-hydroxy acids would benefit the ultimate PLAs with not only the "click" function but also the advantages of PEGylation, such as increased hydrophilicity, 10, 16, 17 faster degradation rate, and protein fouling resistance. 28, 29 In addition, terminal alkyne functionality may endow this family of α-hydroxy acids many other advantages. The terminal alkyne group may polymerize to provide polyacetylene polymers with unique physical properties, including electrical conductivity, nonlinear optical properties, and magnetic properties. 30, 31 Furthermore, hyperbranched polymers, 32−34 highly cross-linked polymer networks, 35−38 and novel linear or comblike polymers 39, 40 may be readily prepared from these propargylated α-hydroxy acids via thiol-yne "click" polymerization.
Synthesis of alkyne-functionalized lactide monomers has always been a limiting step in the preparation of "clickable" PLAs via ROP of corresponding lactide monomers. It mainly relies on dimerization of highly diluted terminal alkynefunctionalized α-hydroxy acids, which typically results in poor yield (Scheme 1). [10] [11] [12] 41, 42 Three synthetic routes have been reported in the synthesis of terminal alkyne-functionalized α-hydroxy acids. 10, 13, 22 However, they require using either specially prepared reagents via Passerini-type condensation 13 or expensive and unstable compounds (propargyl bromide, ethyl glyoxylate, and Boc-L-tyrosine) via Reformatsky-type reaction or substitution reaction/deamination. 10, 22 In addition, column chromatography was also required to purify intermediates in the synthesis, which further limits their scalability and practicality. Hence, it is highly desirable to develop a simple protocol for rapid access to a library of terminal alkynefunctionalized α-hydroxy acids from convenient starting materials in high yield with no need of column chromatographic separation. This would allow for a sufficient supply of functional monomers for the ultimate preparation of "clickable" biodegradable PLAs.
Herein, we report a novel and general approach for the synthesis of a new library of propargylated and PEGylated α-hydroxy acids 1, which features the facile monofunctionalization and chain-elongation of OEGs and the convenient hydrolysis of easily accessible cyanohydrin derivatives. The key step involved in hydrolysis of a terminal alkyne-functionalized cyanohydrin to its corresponding α-hydroxy acids is rare in the literatures. By judicious choice of acid-catalyzed hydrolysis conditions, the developed process to propargylated and PEGylated α-hydroxy acids is easily and economically operational starting from propargyl alcohol, bromoacetaldehyde diethyl acetal (2) , and OEGs/PEGs, since these starting materials are widely used in industry and can be supplied in large quantities at low prices. The synthesis was column chromatography free, which renders a scale-friendly process.
■ RESULTS AND DISCUSSION
Synthesis of Propargyloxy Lactic Acid (1a) via Hydrolysis of a Cyanohydrin. Propargyl alcohol contains two functional groups, a terminal alkyne and a hydroxy group. It is possible to employ its hydroxy group as a nucleophile under weak basic conditions without affecting the terminal alkyne group. Bromoacetaldehyde diethyl acetal (2) has a good leaving group (bromo group) and the protected aldehyde functionality, which can be later converted to a cyanohydrin. As shown in Scheme 2, an excess of propargyl alcohol was deprotonated by NaH in THF, and the resulting alkoxide nucleophilically attacked the bromo group of 2 to afford highly pure propargyloxyacetaldehyde diethyl acetal (3) as a pale red liquid in 91.8% yield without affecting the terminal alkyne group. The excess of propargyl alcohol was simply removed by washing a solution of 3 in CH 2 Cl 2 with water because of its highly hydrophilic nature. Further purification of 3 via vacuum distillation can be completed, but is not necessary. The hydrolysis condition for converting diethyl acetal 3 to aldehyde 4 was optimized to be using a biphasic mixture of trifluoroacetic acid (TFA), water, and CH 2 Cl 2 (1:1:4), which requires vigorous stirring to achieve quantitative conversion ( 44 and acetic acid (AcOH) were not effective in the deprotection of diethyl acetal 3 ( Table 1 , entries 1−6). The resulting aldehyde 4 was not isolated and directly used for the subsequent reaction. 45−47 The cyanation of aldehyde 4 was performed under acidic conditions, and the resulting aqueous solution of 5 was extracted continuously with CH 2 Cl 2 to provide a mixture of cyanohydrin 5 and acetic acid in 91.0% yield. Cyanohydrin 5 was subjected to acid-catalyzed hydrolysis without further purification to generate its α-hydroxy acid 1a ( Table 2 , entries 3 and 4). The product consisting of a mixture of α-hydroxy acid (1a) and its methyl ester was continuously extracted with ether and hydrolyzed by aqueous NaOH (2 M) at room temperature. Since the sodium salt of 1a is not soluble in CH 2 Cl 2 and cannot be extracted with CH 2 Cl 2 from aqueous solution, all organic impurities, such as mineral oil from the first step, were simply removed via extracting the basic aqueous solution of 1a with CH 2 Cl 2 in this step. This enables convenient synthesis of 1a with no need of column chromatographic separation. After acidifying the basic aqueous solution to pH < 1, the desired α-hydroxy acid 1a was obtained via continuous extraction as a slightly yellow solid with an overall yield of 71.2% (4 steps). The structure of propargylated α-hydroxy acid was verified by its 500 MHz 1 H NMR spectrum ( Figure S3 , Supporting Information). The terminal alkyne segment of 1a was characterized by the triplet resonance for the terminal alkyne proton at δ 2.47 ppm and the doublet resonance for methylene protons at δ 4.22 ppm. The characteristic triplet resonance for the methine proton at δ 4.41 ppm clearly supports the α-hydroxy acid structure of 1a. HRMS spectrometry further confirmed the structure of 1a. This clearly indicates that terminal alkyne functionality is compatible with H 2 SO 4 -catalyzed cyanohydrin hydrolysis. It is worth to note that this procedure does not involve purification with column chromatography, which enables readily scaling up the synthesis of the desired library of propargylated and PEGylated α-hydroxy acids. Overall, it represents a simple and general process to provide sufficient quantities of terminal alkyne-functionalized α-hydroxy acid 1a with low cost and easily operational reaction conditions. Synthesis of Oligo(ethylene glycol) Monopropargyl Ether Lactic Acid (1b−e) via Hydrolysis of Corresponding Cyanohydrins. The synthesis of oligo(ethylene glycol) monopropargyl ether lactic acids (1b−e) starts from their corresponding OEGs with 1−4 glycol units, all of which are inexpensive and commercially available. The synthetic strategy is based on the H 2 SO 4 -catalyzed hydrolysis of propargylated and PEGylated cyanohydrin derivatives prepared from efficient coupling of monotritylated OEGs, propargyl alcohol, and 2. As Scheme 2. Synthesis of Propargyloxy Lactic Acid (1a) shown in Scheme 3, OEGs 6b−e were desymmetrized and monoprotected with trityl chloride to afford a mixture of monotritylated OEGs 7b−e and ditritylated OEGs as white solids (7b and 7c) or pale red viscous liquids (7d and 7e) in high yields (>92%) without further purification. 49, 50 Byproducts ditritylated OEGs in 7b−e were not removed, and they or their derivatives were carried over until final purification of 1b−e, since it was anticipated that they could be easily removed in their derivatized forms (OEG dipropargyl ethers) while purifying final α-hydroxy acids 1b−e.
Direct incorporation of a propargyl group to 7b−e is not plausible due to the fact that deprotection of the trityl group will employ a Pd-catalyzed hydrogenolysis and due to possible side reactions of terminal alkyne when excess NaH is used in subsequent steps. Thus, 7c−e were first coupled with 2 quantitatively to provide 9c−e without further purification. However, the coupling between monotrityl ether (7b) and 2 only proceeded with 66% conversion after refluxing for 48 h, probably due to the low solubility of alkoxide of 7b, and this would dramatically lower the yield of 1b and complicate the purification process. This problem was solved by using commerically available ethylene glycol monobenzyl ether (8) as starting material to afford pure 9b. It is worth to note that the excess of 2 could be simply removed while drying 9c−e under vacuum at 40°C, which simplifies the following purification step and enables column-free isolation. The selective deprotection of trityl and benzyl groups of 9b−e via Pd-catalyzed hydrogenolysis in both THF and CH 2 Cl 2 was not effective or required very high catalyst loading (10 mol % of Pd/C) and long reaction time to achieve high conversion. 50 To bypass this problem, ethanol was selected as the solvent 51 for selective hydrogenolysis with 2 mol % of Pd/C catalyst with 100% conversion without affecting the protected aldehyde. Notably, the recycled catalyst Pd/C is still active and can be reused after hydrogenolysis in ethanol. The resulting alcohols 52 were then carefully tosylated with tosyl chloride to provide intermediates 10b−e 50 quantitatively, which were nucleophilically substituted with propargyl alcohol to afford terminal alkyne-functionalized acetals 11b−e. The desired propargylated cyanohydrins 12b−e were obtained via deprotection and cyanation of intermediates 11b−e, followed by continuous extraction. Cyanohydrins 12b−e were hydrolyzed in methanolic H 2 SO 4 (6 M), and all organic compounds including the desired α-hydroxy acids 1b−e were extracted with CH 2 Cl 2 and treated with aqueous NaOH (2M) to hydrolyze methyl esters of 1b−e. The resulting basic aqueous solution was diluted and extracted with CH 2 Cl 2 to remove all nonionic organic impurities, such as oligo(ethylene glycol) dipropargyl ethers from ditrityl protected OEGs and mineral oil from NaH. After being acidified with 4 M HCl, pure propargylated and PEGylated α-hydroxy acids 1b−e were obtained via continuous extraction with CH 2 Cl 2 as dark red viscous liquids in 40−60% yields. These results indicate that the process to propargylated and PEGylated α-hydroxy acids 1b−e is economical, practical, and scale-friendly.
Synthesis of Octa(ethylene glycol) Monopropargyl Ether Lactic Acid (1f). OEGs with up to four glycol units are available commerically in large quantities with low prices, and thus, one can afford to waste these inexpensive diols during the desymmetrization and monofunctionalization. However, when extending the number of repeating units of OEGs to greater than four, it is not acceptable to start with OEGs (n > 4) in the synthesis of the corresponding α-hydroxy acid due to their extremely high cost. Therefore, it is highly desirable to synthesize these extended bifunctional OEGs (n > 4) with an efficient route not involving complicated purifications, such as column chromatographic separations. Using an inexpensive THP protection/deprotection strategy, we have developed a simple procedure to produce longer well-defined bifunctional octa(ethylene glycol) (n = 8). Introducing orthogonal protecting/functional groups to two shorter oligo(ethylene glycol)s and then coupling of the two building blocks furnished the facile synthesis of propargylated and PEGylated α-hydroxy acid 1f. 53 The synthesis of building block monobenzylated tetraethylene glycol (13) started from inexpensive and commercially available tetraethylene glycol (6e) (Scheme 4). 53 OEG 6e was monoprotected with dihydropyran (DHP) to afford a mixture of mono-THP ether 14 and bis-THP ether 15 (8:1). This mixture was benzylated with benzyl bromide to provide a mixture of 15 and heterobifunctional 16 (∼1:8) in 92.8% yield. THP protection of 15 and 16 was completely cleaved via acetal exchange in MeOH under acidic conditions, and the resulting THP ether of methanol was readily removed in vacuo because of their low boiling points. 54 The highly hydrophilic OEG 6e from THP deprotection of 15 was simply removed by washing a solution of crude product 13 in CH 2 Cl 2 with aqueous NaCl solution to afford pure building block 13 in 92.0% yield. The overall procedure described here allows for scalable monofunctionalization of OEGs and the synthesis of pure building block 13 in a simple and efficient manner.
Similar to the synthesis of 13, building block monotetrahydropyranyl tetraethylene glycol monotosylate (17) was prepared as shown in Scheme 5. A mixture of mono-THP ether 14 and bis-THP ether 15 (8:1) was tosylated with tosyl chloride to give a mixture of 15 and heterobifunctional 17 (∼1:8) in quantitative yield. After removal of the THP protecting group and side products, pure monotosylate 18 was obtained and further protected with DHP in anhydrous THF to provide pure heterobifunctional 17 in 98.3% yield.
The synthesis of α-hydroxy acid 1f via efficient OEG chain extension using two short building blocks 13 and 17 is illustrated in Scheme 6. Monobenzylated tetraethylene glycol (13) was deprotonated by NaH and coupled with 17 (1.1 equiv) via Williamson ether synthesis under optimized conditions to provide chain-extended heterobifunctional 19, which can be easily purified because of negligible side products. Analytically pure octa(ethylene glycol) monobenzyl ether (20) was obtained in 90% yield after deprotection of the THP group in MeOH. The coupling of 20 with 2 and subsequent hydrogenolysis and tosylation provided compound 21, which was coupled with propargyl alcohol to afford propargylated intermediate 22 in 90% yield. After deprotection of diethyl acetal, cyanation, and hydrolysis, intermediate 22 was converted to the desired α-hydroxy acid 1f in 65% yield.
Synthesis of Poly(ethylene glycol) Monopropargyl Ether Lactic Acid (1g). The THP protection/deprotection method (Schemes 4 and 5) used in preparing building blocks 13 and 17 makes it ideal for the synthesis of propargylated and PEGylated α-hydroxy acids because of the inexpensive DHP source, easy installation, facile deprotection, and ready removal from the reaction mixture after THP deprotection. As shown in Scheme 7, PEG 24 (n ≈ 23) was monoprotected with DHP to give a mixture of mono-THP ether 25 and bis-THP ether 26 (∼7:1) in 85% yield after washing with water to remove excess 24. The minor bis-THP ether 26 was intended to be carried (Table S1) . These results present a simple and practical procedure to prepare propargylated and PEGylated α-hydroxy acids. The convenience of the THP protection/deprotection strategy to selective monofunctionalize PEG and no need of precious Pd catalyst and pressurized reaction vessels make it superior to the trityl/benzyl-involved process (1b−e) in the synthesis of PEGylated α-hydroxy acids.
Synthesis of Allyloxy Lactic Acid (1h) via Hydrolysis of Cyanohydrin. Alkene-functionalized polymers have also attracted much attention due to their wide applications via efficient thiol-ene click reaction. 55 We are delighted to find that our synthetic route to propargylated and PEGylated α-hydroxy acids described above could also be applied successfully to the preparation of allyloxy lactic acid (1h). As outlined in Scheme 8, the synthesis of allyloxy lactic acid (1h) was prepared following a similar procedure to propargyloxy lactic acid (1a, Scheme 2) using allyl alcohol and bromoacetaldehyde 2 as starting materials. The coupling of 2 and allyl alcohol gave 32 in 76.1% yield after vacuum distillation. After hydrolysis of aldehyde 32 under acidic conditions, cyanohydrin 33 was obtained quantitatively as a pale red liquid (containing some acetic acid) and used directly for subsequent reaction without further purification. Following hydrolysis under acidic conditions, basic treatment with aqueous NaOH solution, and removal of organic impurities, allyloxy lactic acid (1h) was extracted from the acidic aqueous solution in 71.8% yield. These results indicate that the sensitive alkene functionality is well tolerated under the reaction conditions and the developed process can be extended to prepare alkene-functionalized α-hydroxy acids as well.
■ CONCLUSION
We have developed a convenient and practical protocol for scalable synthesis of a new library of propargylated and PEGylated α-hydroxy acids toward "clickable" PLAs via hydrolysis of easily accessible cyanohydrin derivatives. Starting from readily available propargyl alcohol and bromoacetaldehyde diethyl acetal, terminal alkyne-functionalized cyanohydrin 5 was prepared and hydrolyzed to afford propargylated α-hydroxy acid 1a in good overall yield. The terminal alkyne is compatible with H 2 SO 4 -catalyzed hydrolysis of cyanohydrin during the synthesis. The incorporation of OEGs or PEGs as spacers between terminal alkyne and α-hydroxy acid units resulted in a library of propargylated and PEGylated α-hydroxy acids 1b−g. The facile synthesis of propargylated and PEGylated α-hydroxy acids 1b−g features efficient desymmetrization, monofunctionalization, and chain-elongation of OEGs or PEGs with no need of column chromatographic separation. The alkene functionality is also well tolerated under the reaction conditions in the synthesis of allyloxy lactic acid. The overall synthesis requires inexpensive chemicals and does not involve column chromatography, which indicates its high efficiency and low cost in supplying large quantities of propargylated and PEGylated α-hydroxy acids to prepare "clickable" PLAs.
■ EXPERIMENTAL SECTION
General Information. Propargyl alcohol, allyl alcohol, bromoacetaldehyde diethyl acetal, oilgo(ethylene glycol) (OEG 6b−e, n = 1, 2, 3, 4), poly(ethylene glycol) (PEG 24, average M n = 1000), ethylene glycol monobenzyl ether (8), dihydropyran, sodium hydride, trityl chloride, and palladium on activated charcoal (10%) were purchased from commercial sources and used as received. THF was refluxed over sodium/benzophenone and distilled before use. All other reagents and solvents were ACS grade and used as received unless specified. The progress of reactions was monitored by 1 H NMR. Characterization. Melting points were measured on a melting point apparatus. FT-IR spectra were taken with an FT-IR spectrometer. High-resolution mass spectra (HRMS) were taken on an ESI-TOF mass spectrometer.
1 H NMR and 13 C NMR were recorded on a 300, 500, or 600 MHz instrument in CDCl 3 unless otherwise noted. CDCl 3 was used as the internal standard for both 1 H NMR (δ = 7.24) and 13 C NMR (δ = 77.0). Data for 1 H NMR are reported as follows: chemical shift (δ ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, bs = broad signal, bs m = broad signal multiplet), integration, and coupling constant. Data for 13 C NMR are reported in terms of chemical shift (δ ppm).
Synthesis of Propargyloxyacetaldehyde Diethyl Acetal (3).
Propargyl alcohol (134 mL, 2.25 mol) in THF (200 mL) was added to NaH (97 g, 60% dispersion in mineral oil, 2.4 mol) in THF (1.1 L) dropwise over 1 h at 0°C, and the resulting reaction mixture was stirred for another 1 h at rt. Bromoacetaldehyde (2) (234 mL, 1.50 mol) and NaI (2.0 g, 13 mmol) in THF (100 mL) was added to the mixture prepared above, and the resulting suspension was refluxed for 4 days to achieve 96% conversion. The suspension was filtered, and the resultant filtrate was concentrated and redissolved in CH 2 Cl 2 (500 mL). The CH 2 Cl 2 layer was washed with aqueous NaCl solution (1 × 200 mL), dried over anhydrous sodium sulfate, concentrated, and dried under vacuum to afford 3 as a pale red liquid (237 g, 91.80%). Synthesis of Propargyloxy Lactic Acid (1a). Diethyl acetal 3 (222 g, 1.29 mol) was added to a mixture of TFA (230 mL), water (230 mL), and CH 2 Cl 2 (920 mL) dropwise, and the mixture was stirred vigorously for 3 days until full conversion of diethyl acetal 3 to aldehyde 4. CH 2 Cl 2 was removed, and acetic acid (450 mL) was added. The resulting mixture was cooled in an ice bath, followed by dropwise addition of KCN (256 g, 3.90 mol) in water (420 mL), and the resultant mixture was stirred for 18 h until 1 H NMR showed no aldehyde left. The resulting aqueous solution was extracted continuously with CH 2 Cl 2 , and the organic layer was concentrated in vacuo to provide a mixture of acetic acid and propargylated cyanohydrin 5 (644 g, 91.0% yield estimated from 1 H NMR), which was used for the subsequent step without further purification, 1 H NMR (500 MHz, CDCl 3 ) δ 4.62 (t, 1H, J = 5 Hz), 4.27 (d, 2H, J = 2.5 Hz), 3.76−3.84 (m, 2H), 2.50 (t, 1H, J = 2.5 Hz). This mixture was cooled in an ice bath, followed by the addition of concentrated H 2 SO 4 (450 mL), methanol (150 mL), and H 2 O (100 mL) (final concentration of H 2 SO 4 was ∼6 M). The resulting solution was stirred for 24 h in a 70°C oil bath and was continuously extracted with ether to give a dark red liquid after removal of acetic acid. This dark red liquid was treated with aqueous NaOH solution (2 M) for 24 h and extracted with CH 2 Cl 2 to remove all organic impurities, such as mineral oil. The basic solution was acidified with 4 M H 2 SO 4 and continuously extracted with ether to afford the desired α-hydroxy acid (1a) as a slight yellow solid (144 g, 85.2%). mp 58−61°C. resulting mixture was heated to 55°C. Powdered trityl chloride (42 g, 0.15 mol) was added, and the reaction mixture was vigorously stirred for 18 h at 55°C. The suspension was mixed with water (1000 mL) and extracted with toluene (5 × 100 mL). The combined organic layer was washed with 0.3 M HCl (2 × 600 mL), aqueous NaOH (1 × 600 mL), and water (3 × 600 mL), dried over anhydrous sodium sulfate, and concentrated to give 7b−e as white solids or viscous liquids containing their corresponding ditrityl ethers as minor byproducts. These mixtures were used directly for the next reaction without further purification.
Ethylene Glycol Monotrityl Ether (7b). A white solid (5% ditrityl ether), 42 g, 92%, mp 95−98°C. 1 General Procedure for Synthesis of 9b−e. Alcohol intermediates 7c−e (containing their corresponding ditrityl ethers) and ethylene glycol monobenzyl ether (8) (1.00 equiv) were deprotonated by NaH (1.35 equiv) in THF at 0°C. The resulting reaction mixtures were stirred for 12 h at room temperature, followed by dropwise addition of a solution of 2 (1.25 equiv) in THF at 0°C. The reaction mixtures were refluxed for 3−6 days until all alcohol intermediates were consumed (monitored by 1 H NMR). The resulting suspensions were filtered, and the filtrates were concentrated, redissolved in CH 2 Cl 2 , and washed with aqueous NaCl solution. The organic layer was dried over anhydrous sodium sulfate, concentrated, and dried at 55°C in vacuo to afford the desired products 9b−e (containing the corresponding ditrityl ethers). General Procedure for Synthesis of Propargylated Intermediates 11b−e. A high-pressure autoclave reactor with a glass insert was charged with benzylate 9b or tritylates 9c−e, 10% Pd/C (2 mol %), and absolute ethanol (150 mL). Hydrogenolysis was carried out with effective stirring for 48 h at room temperature under 1400 psi of H 2 . The reaction was stopped upon completion. Triphenylmethane and catalyst (which can be reused) were removed via filtration. The filtrate was concentrated in vacuo carefully to give a mixture of desired alcohols, triphenylmethane or toluene and ethanol (<5%), which were used without further purification. These alcohol mixtures prepared above and TsCl (1.5 equiv) were dissolved in THF, and the resulting solutions were cooled in an ice bath, followed by addition of aqueous KOH solution (4 equiv) to provide the desired tosylates 10b−e quantitatively as light yellow liquids. 50 These tosylates were applied to the next step directly without further purification. The propargylation of 10b−e with propargyl alcohol was carried out as described for 3 to afford propargylated intermediates 11b−e with high yields (containing byproducts from impurities), and these propargylated intermediates were used directly for the next step without purification 11b. A light yellow liquid, 35 g, 95%. General Procedure for Synthesis of Oligo(ethylene glycol) Monopropargyl Ether Lactic Acids (1b−e). Propargylated and PEGylated α-hydroxy acids (1b−e) were prepared following a similar procedure as that described in the synthesis of 1a from diethyl acetal 3, except for the continuous extraction of intermediates or desired products with CH 2 Cl 2 . The resulting dark solutions of 1b−e were continuously extracted with CH 2 Cl 2 , and the obtained organic layer was concentrated in vacuo to remove acetic acid. The resultant acid mixtures were treated with aqueous 2 M NaOH solution for 24 h at room temperature, followed by dilution with 1 M NaOH solution. The resulting solution was extracted with CH 2 Cl 2 to remove all organic impurities, such as oligo(ethylene glycol) dipropargyl ethers, propargyl ethyl ether, and mineral oil. After the resulting solution was acidified with 4 M HCl, the desired α-hydroxy acids 1b−e were obtained via continuous extraction with CH 2 Cl 2 and concentrated under vacuum as dark red liquids. α-Hydroxy acids (1d and 1e) were further purified by washing their solutions in CH 2 Cl 2 with 1 M HCl (2 × 100 mL). Intermediates monotetrahydropyranyl octa(ethylene glycol) monobenzyl ether (19) and monobenzylated octa(ethylene glycol) (20) were prepared according to our previous report. 53 Monotetrahydropyranyl Octa(ethylene glycol) Monobenzyl Ether (19 Poly(ethylene glycol) monopropargyl ether lactic acid (1g, n ≈ 23) was prepared using a modified procedure for the synthesis of 1f from 22 as discussed above. A solvent mixture of CH 2 Cl 2 and hexane (1:1, 2 × 100 mL) was used to extract a basic solution of 1g to remove organic impurities. Product 1g was obtained as a white wax solid, 63.2 g, 74.4% (3 steps Synthesis of Allyloxy Lactic Aicd (1h). α-Hydroxy acid 1h was prepared using the same procedure as described for the synthesis of propargyloxy lactic acid (1a).
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